Introduction: Aortic coarctation is one of the most difficult cardiac defects to diagnose before birth, and it accounts for 8% of congenital heart diseases. Antenatal diagnosis is crucial for early treatment of the neonate and to decrease the risk of morbidity and mortality; however the fetal hemodynamic changes are not fully understood and current imaging methods are limited to accurately diagnosis this congenital defect. Objective: We propose to use a lumped model of the fetal circulation to provide insights into the hemodynamic changes in fetuses with aortic coarctation and thus helping to improve its diagnosis. Methods: To achieve this goal a patient-specific lumped model of the fetal circulation was implemented in OpenCOR, including the modeling of different types and degrees of aortic coarctation. A parametric study of degree and type of coarctation was performed, where blood flow distribution, cerebroplacental ratio, pressure drop over the coarctation and left ventricular pressure were quantified. Results: Obvious changes in the fetal hemodynamics were observed only from 80% of coarctation, corresponding to the clinically used cutoff for pressure drop of 20 mmHg. The observed hemodynamic changes were different depending on the location and degree of the coarctation.
Introduction
Aortic Coarctation accounts for around 8% of heart defects. This congenital disease consists on the narrowing of the distal aortic arch in mild cases; thus reducing the blood flow in the fetal aortic arch [1] . According to different studies [2] , in most severe cases, hypoplasia of the whole aortic arch is also observed. Coarctation of the aorta remains one of the cardiac defects more difficult to diagnose before birth. Prenatal diagnosis is of critical importance to improve survival and reduce morbidity. In most severe cases, suspicion rises when there is ventricular disproportion, however; a slight degree of physiological disproportion appears during the third trimester. Consequently, current echography methods lead to both, high false-positive and false-negative rate during diagnosis [3, 4] . Additionally, the hemodynamic remodeling induced by the disease are yet not fully understood; partly due to the wide variety of fetal aortic coarctation types and degrees of severity. Consequently, there is a need to develop new technologies that allow accurate prenatal diagnosis of aortic coarctation and to help clinicians to better understand the disease. Currently, in clinical practice ultrasonographic evaluation, including measurement of right and left ventricular size, isthmus and ductal diameters, is used to diagnose aortic coarctation. Still, these measurements have low sensitivity and specificity [4, 5] . On the other hand, patient-specific lumped models of the fetal circulation have shown to be a great approach to understand the underlying mechanisms of fetal hemodynamics, both under healthy and pathological conditions, such as shown in Garcia-Canadilla et al. [6, 7] . Thus, our purpose was to re-implement the fetal circulation model proposed in [7] in CellML using OpenCOR, an open-source cross-platform modelling environment [8] , favoring model reuse amongst researchers. Additionally, the modular structure of CellML allows users to easily add/remove new components to the model for future applications. The model will be used to simulate fetal circulation subjected to aortic coarctation.
Material and methods

Patient-Specific Model
Lumped Model of the Fetal Circulation. The fetal circulation model [5] was implemented in OpenCOR (version 0.5) using the CellML language. The ascending aorta of the original model was split into 3 different arterial segments: ascending aorta, ascending arch, and descending aortic arch as shown in Figure 1 . Moreover, a resistor distal from the aortic-ductal junction was included, representing a distal aortic coarctation. The length of the segment was fixed at a 10% of the total ascending aorta length, and the radius was set initially to be equal to the radius of the ascending aorta. These changes in the model will allow the simulation of a variety of aortic coarctation scenarios. The equivalent lumped model circuit was built by interconnecting arterial segments and vascular beds. Each arterial segment contained a capacitor (C) representing arterial compliance, a resistor (R) representing resistance of blood flow through the arterial segment, and an inductor (L) describing blood inertia. The vascular bed components consisted of a three-element Windkessel model which includes one resistor (R c ), representing resistance of the characteristic impedance of the feeding artery, leading to a parallel circuit with a resistor (R p ) and a capacitor (C p ) describing peripheral resistance and compliance respectively.
The CellML language was used to implement the improved version of the fetal circulation model, thanks to its modular structure that allows easily defining interconnected individual components (such as arterial segments and vascular beds), to establish connections between them, and import the individual components into other models. Regarding the OpenCOR solver we used CVODE with a time step of 0.001 seconds.
Patient-Specificity
Patient-specific data used to build the model included: output flow from left (Q LV ) and right ventricles (Q RV ), fetal gestational age (GA) and the estimated fetal weight (EFW). All the data were obtained from a similar control fetus as used to validate the model described in [6] . All the electrical components of the equivalent circuit were fitted to a control healthy fetus of 33.28 weeks of GA and EFW of 2250 gr. The dimensions of all arterial segments (radius, length and thickness), Young's Moduli, blood viscosity, and electrical components of all vascular beds were calculated according to the GA and EFW of the fetus, as described in [7] . Particularly, ascending aorta, and aortic arch new segments dimensions were calculated based on [9] .
Modelling Aortic Coarctation
Four different scenarios of aortic coarctation were included and presented in Figure  2 . 
Modeling different scenarios
To model the first scenario, a reduction in the radius of the aortic segment located distal from the aortic-ductal junction was introduced, simulating different degrees of coarctation ranging from 0% (normal conditions) to 90%. Scenarios 2, 3 and 4 where modeled by reducing the radius of the corresponding arterial segment/s denoted in Figure 2 .
Modeling ventricular disproportion in aortic arch hypoplasia
In addition, ventricular disproportion was modeled in aortic arch hypoplasia (Scenario 4), by simulating different proportions of right and left ventricular outflows: 50-50% (no disproportion), 40-60%, 30-70% and 20-80%, respectively.
Parametric Study of Coarctation Degree
The effect of aortic coarctation in the fetal circulation was analyzed by decreasing the radius of the different regions a given percentage. The following percentages of narrowing were considered: 0% (normal conditions), 50%, 70%, 80%, and 90%. Cerebro-placental ratio, pressure drop over the narrowed area and left ventricular pressure were measured for each scenario. Cerebro-placental ratio was computed as the maximum systolic brain flow over the maximum systolic placental flow. Pressure drop was calculated as the difference between the maximum input and the maximum output pressures of the narrowed area. Moreover, blood flow in the aortic isthmus (AoI), middle cerebral artery (MCA) and umbilical artery (UA) were also obtained. In the present model, MCA blood flow was defined as the 75% of the internal common carotid artery outflow.
Results
Modeling different scenarios
The AoI blood flow showed a progressive reversal as the percentage of coarctation increased in the distal aortic isthmus (Scenario 1) ( Figure 3 . A). In the rest of scenarios, blood flow in the AoI was reduced until it became 0 ml/s for a 100% of coarctation as expected. It can be observed that no differences were notice until a 70% of stenosis was reached. Regarding MCA and UA blood flows (Figure 3 . B, C), they increased and decreased respectively when increasing the amount of coarctation. The increase in MCA blood flow was higher in the most severe scenario corresponding to a tubular hypoplasia (Scenario 4), and when the coarctation was distal from the aortic-ductal junction (Scenario 1); while reduction in UA blood flow was much more significant in Scenario 1. (Figure 4 . A) increased with stenosis for all coarctation types; however, a distal isthmus coarctation presented the most severe increase at 90% stenosis. The left ventricular pressure (Figure 4 . B) also increased with coarctation; it was observed that in aortic isthmus-arch hypoplasia (Scenario 4), when LV and RV output are similar the highest pressure is reached, at an nonphysiological 90 mmHg, for 90% stenosis. The pressure drop over the coarctation for the four scenarios was plotted in Figure  5 . It showed that pressure difference increased with percentage of coarctation, in all the scenarios. Furthermore, the increase in pressure drop was more significant when the coarctation was located distal from the aortic-ductal junction and for the whole aortic arch hypoplasia. 
Modeling ventricular disproportion in aortic arch hypoplasia
In clinical scenarios, the LV stroke volume (and size) decreases when the coarctation gets more important. The driving force (as can be seen from Fig 4B) is likely the increase in LV pressure. Therefore we also simulated this RV/LV imbalance. One can see that reducing the amount of flow leaving the left ventricle favored the retrograde flow in the AoI, in aortic arch hypoplasia ( Figure 6 . A); while increased stenosis resulted in a decrement of the AoI retrograde flow.
A B
Regarding the MCA blood flow ( Figure 6 . B), it was increased by stenosis; nevertheless, under severe ventricular disproportion (20-80%), MCA flow decreased with stenosis. Moreover, it was noticed that UA flow increased with stenosis, under ventricular disproportion (Figure 6 . C). The more severe the disproportion, the higher the increase with stenosis. Regarding cerebro-placental ratio (Figure 7 . A) it was observed to start to decrease with stenosis as ventricular disproportion became more severe. On the other hand, left ventricular pressure (Figure 7 . B) started to normalize. Ventricular disproportion favored the decrement of left ventricular pressure, also enhanced by coarctation. 
Discussion
We have successfully implemented a lumped model of the fetal circulation in CellML/OpenCOR and simulated the hemodynamic effects of different degrees and geometries of in-utero aortic coarctations.
Aortic coarctation is one of the most difficult cardiac defects to diagnose before birth. Antenatal diagnosis is crucial for early treatment and to reduce the risk of morbidity and mortality. For this purpose, we have implemented a patient-specific lumped model of the fetal circulation in OpenCOR, including the modeling of different types and degrees of aortic coarctation.
The results show that the current lumped model of the fetal circulation provides insight in the underlying mechanism of aortic coarctation. The reversal of the systolic AoI flow observed when coarctation is located distal from the aortic-ductal junction agrees with previous studies [1] . As a consequence, the blood to the brain increases while the blood flow to the lower body and placenta decreases. Since the coarctation is located just after the aortic-ductal junction, most of the blood coming through the ductus is redirected towards the upper body due to the narrowing of the distal aortic arch. The increase in MCA blood flow is also observed in the other scenarios, but more strongly in aortic isthmus and arch hypoplasia. Thus, as coarctation increases, blood from the ascending aorta can only reach the brachiocephalic trunk and just a small amount of blood passes through the narrowed arch towards the descending aorta. However, keeping RV/LV output balanced led to non-physiological LV pressures.
We also observed that reducing the amount of outflow of the left ventricle, normalized the LV pressures and led to retrograde flow in the AoI, as supported by previous studies [10] . However, when the whole aortic arch is hypoplastic (Scenario 4), less AoI retrograde flow is observed when increasing stenosis. Though it seems contradictory, MCA blood flow increases with stenosis, since the flow through the aortic arch is reduced and it favors blood flow towards the brachiocephalic trunk. This is again partly normalized when the relative amount of left ventricular outflow decreases up to 20% and the blood flow in the MCA also decreases. On the other hand, blood flow in the UA increases with the amount of stenosis as well as when the difference between right and left relative amount of outflow rises, showing that more blood goes from the ductus arteriosus to the lower body and placenta.
Regarding the pressure drop over the narrowed area, we noticed that at around 80% stenosis the pressured gradient was around 20 mmHg. In current clinical practice, a coarctation (as measured postnatally) is considered significant from this value onwards, indicating that hemodynamic changes observed in our model coincide with clinically established knowledge [11] . Therefore, the simulations provide more insights into the hemodynamics of aortic coarctation. Moreover this model provides patient-specific pressure gradient estimations, which are challenging to obtain in the clinic.
On the other hand, implementation of the model in CellML/OpenCOR significantly reduces the computation time [8] and facilitates its reutilization for future applications.
The main limitation of this model is that fetal circulation is still quite simplified. However, future lines of work aim to overcome this limitation by modeling the heart, and thus, increasing resemblance to reality. Moreover, we haven't analyzed the effect of oxygen and vasoconstriction which can have also an effect on the results.
Conclusion
In this paper, we proposed the use of a lumped model of the fetal circulation to evaluate the hemodynamic changes in fetal aortic coarctation. Given the insight obtained, this tool might help to improve prenatal diagnosis of aortic coarctation.
